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BELLE

Why study...

... CPViolation in D Decays?

® SM rates are very low = a good place to search for new physics
[Most promising: singly Cabibbo-suppressed decays, see Grossman,
Kagan, Nir, PRD 75, 036008 (2007) ]

® Now established that D%/D°bar mesons mix = is there CPV in the
mixing? or CPV due to interference between mixed and direct decay
amplitudes?

at an e*e machine (Belle/BaBar)?

® Final states with neutral particles (y, K, n°) can be reconstructed
that are difficult/impractical to reconstruct at a hadron machine

® [ow backgrounds, high trigger/reconstruction efficiencies, minimal
decay time bias, roughly flat acceptance over Dalitz plots, several
control samples
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el The Belle Experiment runs at KEKB:
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BELLE Formalism I.'

C u C u
d,s = doubly-Cabibbo-suppressed w/i/t I, ™~ -
- m GIM mechanism cancellation
— d.s — = Jong-distance contributions .~ —
u . C u C
Flavor eigenstates are zi < |2?)> ) — (M _ 3]7) ( |2(;> )
not mass eigenstates: ot \ |D%) 2 |D°)
|D,) = p|D°) + q|D°) D, (t)) = |D,)e-r/zHim)e

p|D°) — q|D°) D,(t)) = |D,) e (Ta/2tima)t

(FIH|D(t)) = e T/2+im)t {cosh [(Av/4 +iAm/2)t] A, + (%) sinh [(Avy/4 4+ iAm/2)t] fi

(FIH|D(t)) = e (T/2timt { (Z) sinh [(Av/4 + iAm/2)t] A; + cosh [(Avy/4 + iAm /2)t] A

A, = (f|H|D"
A; = (f|H|D")

= (f|H|D®)

"Zlf
A; = (FIH|D®)
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Qggf) Formalism II:

aA; _ |a i(p+9)
97+ — |2 /R e
pA, Ip|l V"
Bﬁ = P /R, ei-o+9
q A; q
NOD—F) o q | L af @)
o x e R, + » VEBply cos(¢ + 8) — x sin(¢ + 6) | (I't) + » T(Ft)
_ 2 2 2
= e 't {RD—i— % @(y'cos¢—w'sin¢)(ft)+'%‘ & +y7) l—y )(Ft)2}
N EO 3 _ o — - 2 2 2 o
( dt_)f) x eIt {RD—l— g \/RDy’cosqb—i—w’sinq‘))(I‘t)—|—|§' w(ﬁ[‘t)z}
' = xcosd+ysind y = ycosd —xsind

lg/p| CPYV in mixing
A,=(R,—R,)/(R,+ R,) CPYV in the decay amplitude (direct CPV')
¢ CPYV in mixed/direct interference

No CPV (R, =R,, |g/p| =1, and ¢ = 0):

dN(D°— f T L 24 g2y
(dt ) x e T {RD + VRpy'(T't) + %(Ft)z}
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Qggf Formalism II:

aA; _ g i(p+8)
221 = |2 /R, e

p A, p| V"

p A; Pl = i
qgA; gl V"

N(D°—f) T

7t 2 B @e@ @@ ormn I

2 ; ;
(y' cos  — o sin ) (Tt) + '3\ ("’2”2)(“)2}
P P 4

N EO n o I’_—-\\ — o 2 2 12 o
( dt_) 7) x e Tt (\I?P/H— g‘ VRpy' cos ¢ + x’sin @) (T't) + |§' wﬂ‘ t)z}
/ ' = xcosd+ysind y = ycosd —xsind

lg/p| CPYV in mixing
= (R, — R,)/(R,+ R;) CPYV in the decay amplitude (direct CPV')
¢ CPYV in mixed/direct interference

No CPV (R, =R,, |g/p| =1, and ¢ = 0):

dN(D°— f T L 24 g2y
(dt ) x e T {RD + VRpy'(T't) + %(Ftﬁ}

A. J. Schwartg CP Violation in D Decays at Belle DPF 2013 Meeting 6



D

el Belle CPV in mixing or interference

BELLE

“Wrong-sign” D'(t)— K*n
[Zhang et al.,, PRL 96, 151801 (2006):
Li et al., PRL 94, 071801 (2005)]

D()— K’ n*n Dalitz plot analysis
[Zhang et al., PRL 99, 131803 (2007)]

Fit for x2, y’, |a/pl, ¢ = Arg(q/p) Fit for x, y, la/p|, ¢ = Arg(q/p)

_ la/pl* = Ip/ql?
M la/pl? + Ip/gl?

1/4
't = (1i3M> (2’ cos ¢ £ y'sin )
M
1+ 1+ AM e ! /s T' DO S K+K_ Jt+ ~
y'T = (1 4 ) (y' cos ¢ F ' sin ¢) lme-dependent (t) P) JT
M [Staric arXiv:1212.3478 (2012);

Staric et al., PRL 98, 211803 (2007);
Abe et al., hep-ex/0308034 (2003)]

Fit for y.p, A

2ycp = (la/pl+1p/al)ycosé — (la/pl— Ip/ql )z sine
24;. = (la/pl—Ip/al)ycosd — (la/pl+ |p/al )z sing
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el Belle time-dependent D'(t) — K*K", w*m

Staric, arXiv:1212.3478; Staric et al., PRL 98, 211803 (2007).

(K~ nT)
Yor = (K+K-)
0 T (D' KTK~) —7(D°—-KTK")
"' r(D°>KtK)+7(D°—KtK")

Method:

1) tag flavor via D" — D°x*
2) determine resolution function from MC/data studies
3) do simultaneous binned fitto KK ,K'n", n*tw samples

’/ndf= 792.9/684 (CL= 0.2%)
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el Belle time-dependent D'(t) — K*K", w*70 (cont’d)

Staric, arXiv:1212.3478; Staric et al., PRL 98, 211803 (2007).

Note: as resolution function depends on D' CMS angle (6%), fit is performed in bins
of cos 6*

976 fb! preliminary:
10 ¢ 10 440

) Fy?/ndf 2293 /17| Fy?/ndf 2092 / 17 L’ /ndf 1559 /| 17

6k s E 430 |

4 F 4 F i

Z F Tﬁ“# +T+% +++F | (2) Jj» JFTJFJ:FTTLTLL# ! ‘,, 410 ,*er TLJF} WL%’\ +JH’ |
: AR T, TR
6 - yCP:].O6iO.23 % 6 * Ar:-0.0310.2] YD | 00 , T=4082+x 0.6 fs
8 S F L
_101““(‘)“‘ 1_10101380101

_ Yep VS- COS 0" _ Apvs. cos 0" _ Tvs.cos 0

Yop = (41.11 £0.22 £0.11)% (world’s most
A, = (—0.03 £ 0.20 & 0.08)% precise to-date)
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BELLE

Belle time-integrated D'"— K*K", n*mw

Method:
(1) tag flavor via D**— D°z*
I(D°—f) —T(D°—f)

AL, = —
T I~ ) +T(D°—f)
A{ec - AéP + AFB + Ag

(2) measure tagging asym. using D°— K"

Afigsed = ACP+ App + AT+ A7
ﬁgagged — Ag;; + AFB + A&‘Kﬂ-

(3) correct for K™ asym. by reweighting
AuKn:agged (pD0 y COS HDO )

K
Auntagged (pﬁ 0y COS Oﬁo )

uDO — ]_ -

1+

UEO

(4) correct for tagging =+ asymmetry by reweighting

Wp = 1 — AT(p_,cos6_)
1+ A7(p, ,cos0_)

wﬁo
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CP Violation in D Decays at Belle

Ko, arXiv:1212.1975; Staric et al., PLB 670, 190 (2008)

Belle preliminary using 976/fb
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Qgé,_? Belle time-integrated D" — K*K", i7" (cont’d)

Ko, arXiv:1212.1975; Af _ AlPT(cos67) + ALPT(—cos67)
Staric et al., PLB 670, cp 2
190 (2008
( ) Arfégorr(cos 9*) _ Arfézorr(_ COS 0*)
Apg = 5

AZE = (—0.32£0.21 + 0.09)%
AT = (40.55 £ 0.36 £ 0.09)%

AA,, = AEL — AT, = (—0.87 £ 0.41 4+ 0.06)%

D'—K'K D'—n'w
Preliminary & (1T “Gae vma| B ggyl 7 ks v
976 fb" : 002 @ 002 b) 4’7
0.01 - 0.01 -
0 _|_ I | 0 T
001 - 1 om
002 002
003 - 003 -
00 02 0a 0s 08 ™o 02 04 06 08
lcos O lcos 0|
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N2zl Fit for Direct CP Violation (HFAG):

r(D°—f) —r(D"=F) _

A = — ~ _ ind
R R
I'(D°—f) —T(D°—f)
I'(D°— f) +T(D°—f)
{t) . Aty .
AAp = App(KTK™) — Agp(ntn™) = 1—|—y(:osgb<—> Aall, + J als,
T
o 0.02
umo W AA . BaBar
< 0.015 5 xz:z:,','f""’"
By AA_, LHCb prompt prel .
0.01[ Ee e ay = (—0.01+0.16)%
?' oa -a ".' A;BaBar :
0.005 (1107, Aadr = (-0.33£0.12)%
0
-0.005 No CPV (0,0) point:
-0.01 E_ AXZ =7. 7, CL=0021,
u CPV favored at 2.0c
-0.015 =
_0.02:1...11...I...1I.\\\. F A N S W I R
-0.02 -0.015 -0.01 -0.005 O 0.005 0.01 0.015 0.02
aind
CP

A. J. Schwartz CP Violation in D Decays at Belle DPF 2013 Meeting 12



D

ro=d Belle time-integrated D' — K K*

- Ko et al., JHEP 1302, 098 (2013
Afggm — Agf,K* + App + Af* + A ( )

(1) measure tagging asym. using D'— K-
AD° K nt) = App+ AKX 4 A™
ADf —¢7*) = Apy+ AT

(2) take sums and differences in bins of cos6*

oK+ AfggKJr,corr(COS 0*) + A£EK+,corr(_ COS 9*) 0.02 -
Acp = 0F——
? Gl
+ Irr * + rr k . }
A _ AEsKTcorr(cog %) — AKsKTcorr(— cos 6%) ZZZ +
FB 2 0 0% ms
Icoso." 1
KKt KKt KO _ )
ACP = ACP +I;4IC{€ = ( 0.25 :l: 0-28 :I: 0-14)% oxw 0 W///{WW
Acst = (+0.08 +£0.28 + 0.14)% T
< i
-0.04 |-

o““olgm‘s“‘1
IcoseD;"I
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S ramd Belle time-integrated D" — K¢ K* (cont’d)
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Ko et al., JHEP 1302, 098 (2013) i
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Nl Belle time-integrated D" — K¢ "

o et N Ko et al., PRL 109, 021601 (2012);
ABs™ = AL 4 A+ AT+ AL, Ibid., 119903 (2012)

(1) measure tagging asym. using D— K wr

AD*" =K ntnt) = A+ AKX ™ 4 A"
AD°—-K =ntn’) = A,, + AKTTT

of
(2) take sums and differences in bins of cos6* T
-0.017
CK Aigﬂ+’corr(COS 0*) + Aﬁgﬂ+,corr(_ COS 9*) < -0.02; ++
Acp — 9 003 —
. . .0.040:7||||0.|5||||1
1 _ Aggﬂ ,corr(COS 0*) . Aggw ,corr(_ coS 0*) |COSGB'I"'S'|
0.005
N 3.20
Ol!;w 0.005 7 =
KT T KO Ny
ALY = Acy + A, = (—0.363+£0.094£0.067)% | °F |
nt B
A = (—0.024 £ 0.094 4 0.067)% PO S |

0'% m
lcos;: S
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Qgé,_? Direct CP Violation Searches:

D'— ot 976 fb"  (+0.55 +0.36 = 0.09)% arXiv:1212.1975

D'— K*K  976fb7  (-0.32 +0.21 +0.09)% arXiv:1212.1975

D'— Ko;a® 791fb"  (-0.28+0.19+0.10)% PRL 106, 211801 (2011)
D'— K¢n 791 fb"  (+0.54+0.51+0.16)% PRL 106, 211801 (2011)
D'— Kcn’ 791fb"  (+0.98+0.67 +0.14)% PRL 106, 211801 (2011)
D'— Ktwal 281!  (-0.6+5.3)% PRL 95, 231801 (2005)
D'— Ktmatme 281"  (-1.8+4.4)% PRL 95, 231801 (2005)
Dt*— ntn 791 fb7  (+1.74+1.13+0.19)% PRL 107, 221801 (2011)
Dt— ntn’ 791 fb"  (-0.12+1.12+0.17)% PRL 107, 221801 (2011)

D*— K mt 977 fb' (-0.363 + 0.094 + 0.067)% (3.20) PRL 109, 021601 (2012)
(-0.024 + 0.094 + 0.067)%

Dt— K'K* 9771fb" (+0.08+0.28+0.14)%  JHEP 02 098 (2013)
D*—¢mt 9557  (+0.51+0.28+0.05)%  PRL 108, 071801 (2012)

D— K.t 673" (+545+2.50+0.33)%  PRL 104, 181602 (2010)
D+r— K. K+ 673" (+0.12+0.36+0.22)%  PRL 104, 181602 (2010)
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28 HFAG global fit

www.slac.stanford.edu/xorg/hfag/charm/index.html

But 5?2 is high, driven by LHCb D'"— K*x :

Fit to 41 measured observables for

10 parameters. Results:

Parameter CPV-allowed CPV-allowed 95% C.L.
z (%) 0.49 1512 0.10, 0.81]
y (%) 0.74 +0.09 [0.56, 0.92]
5 (°) 19.5 %5, [—9.6, 35.4]
R, (%) 0.350 0008 0.337, 0.362]
Ap (%) —2.6 £2.2 [—6.9, 1.7]
q/p| 0.69 1517 0.44, 1.07]
¢ (°) —29.6 759 [—44.6, —7.5]
Spern (°) 25.1 1250 [—20.6, 69.2]
A 0.16 £ 0.21 [—0.25, 0.57]
Ay —0.16 +0.20 [—0.56, 0.23]
1o (%) — 0.10, 0.80] No direct
Y10 (%) - 0.50, 0.85]  cpy
NG = [—11.7, 35.9]

A. J. Schwartz

CP Violation in D Decays at Belle

Observable x2 S x?
Yop 2.90  2.90
Ap 0.03 2.94
T oo+~ Belle 0.87 3.81
Ygonto— Delle 1.63 5.44
la/pl o+ Belle 030 574
yos._ Belle 0.98  6.72
T op+p— BaBar 1.44 8.16
Yycops, BaBar 039 855
Ry, (K+v) 0.11  8.67
T4 n— o0 BaBar 6.26 14.93
Yy+n—no DaBar 2.83 17.76
CLEOc

(x/y/Rp/ cosd/sind) 10.83  28.59
R} /2'*t /y'T BaBar 7.76  36.34
Ry /x'?~ Jy'~ BaBar 5.59  41.93
R}, /2'*t Jy'T Belle 1.76  43.69
Rp /2’ /y'~ Belle 0.66 44.35
R, /a2y CDF 1146 55.81
Rp/«'%/y' LHCh 9.67  65.48
Agese/A, . BaBar 0.71  66.19
Ap /A, Belle 1.56 67.75
Agg — A, CDF 157 69.33
Agx — A, LHCb (D* tag) 0.01  69.33
Apy — A, LHCb (B°— DX tag) | 6.08 75.41

DPF 2013 Meeting
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oz Belle time-integrated D' — K'mw n*

White et al., arXiv:1307.5935, submitted to PRD
?3358 + 79 4

New result, 791 fb" :

o
(=]
o

D'— K*mw ot w “wrong-sign”
decays are due to both a doubly-
Cabibbo suppressed amplitude
and mixing:

=]
[=]
7

N P
(=} [=]
(=] (=]

o
TT T[] T T T T T [ T 1T
!
!

Events / (0.0011 GeV/c?)
[<2]
[=}
o

D Ktn ntn™)

R — i T go, 1 I,a Paodd N e e » L ¥ oY T
WS F(DO K_W+W_W+) :- . 1 I 1 | 1 ’ 1 ’ 1 | . I
- 1.85 1.9
1 2

/

(¥ = ycosd — xsind)

Normalize to Cabibbo-favored
D'— K-zt nt w decays

2-d binned fit to M., . and

Q:M*_MD :111111l111l111i§111
T 0 0.002 0.004 0.006 0.008 0.01

Q (GeV/c?)
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oz Belle time-integrated D' — K* 7w " 7w (cont’d)

e(K ntmta™)

| Efficiency Proj. for M2 | o

Acceptance calculated o
in 5-dimensional

0.3]

_ .
Fws = Rws e(Ktmn—mtm—)

space of m, .- bins |
; 0.2 ceagreesn Ty
N, — N, - f, (576 bins total): - |
N'(Knnm) = E [ - g z] o
. 67, 0.055-
=1 P SRR IR IRV IR IR B
"( 0.5 1 1.5 25 3
Eficiency Pro}. for e, | grtio (@eV)?
: R N, (K+7T_7T+7T_) 0.01.:; I X 1 ‘ - Efficiency Proj. for Mfa sncrizﬁgmz
— 0161 ‘\H 022 Aws ososs
w8 N/'(K-—wtmntn—) o " P
01— 0:16; .‘“
i | v i
N'(Ktn~ntw™) = 37297 £ 881 " | \\
N'(K-wtxtn~) = 11510000 =+ 20 000 L R a3 |
‘ Effif:iency Proj. for Mza‘ e 1:3222 N ‘2.\5‘((;;‘/‘)3
0::1 Ty | Efficiency Proj. for M:4 ‘ __atio__
ot . ) W_. i
= Ryg = (0.324 + 0.008 =+ 0.007)% - I bast | + H
_ 0.09 —4 " oz, Y
Bpo gin-nine = (2.61 £0.06T002) x 10 i
Take a and strong phase 6 from CLEOc:
0 02 04 06 08 1 1.2 14 1.6 1.8 2 e
(GeV)? ;
R, = (0.327 tg:gig)% s i e e

(GeV)?
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BELLE Summal"y

time-dependent D'(1) — K*K", n'mw
976 fb'! preliminary: Yep =(1.11+£0.22 £ 0.11)%
Ar =(-0.03+£0.20 £ 0.08)%

time-integrated D'— K*K", n'mw
976 fb" preliminary: AA = A —A;=(-0.87 £ 0.41 £ 0.06)%

time-integrated D*— K, K*
977 fb final: A= (+0.08 £ 0.28 + 0.14)%

time-integrated D" — K, "
977 fb final: A = (-0.024 + 0.094  0.067)%
[A+A(KS) = (-0.363 £ 0.094 + 0.067)% ]

time-integrated D'— K*w ' v
791 fb’" preliminary: B=(2.61+0.06 %00 )% 104
Taking a and 6 from CLEOQO: Rp =(0.327 £ 0.019)%

=> No sign of new physics, but:
these searches represent “low-lying fruit” and will be extended by a
factor of ~50 with the upcoming Belle Il experiment
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el HFAG global fit: 2-d likelihood functions

www.slac.stanford.edu/xorg/hfag/charm/index.html

g 3
g 15% | cPvalowed g 60%?
\g E : :
§ 40
20 . Y .............
0_ .........
Y S S—
-4
B B0
" 20 -
: .30 _6_ .................................
0 40 i | |
—_— : : H .5 L1 L 11 L1 1 L1 1 |
P O I OO R | o 02 04 06 08 1 1.2 1.4 1.6 1.8
-0.5 0 0.5 1 1.5 la/pl
X (%) P

CPV-allowed plot, no mixing (x,y) = (0,0) point: Ay ?=263.8
No CPV (|g/p|, ¢) = (1,0) point: Ay ?>=5.371, CL =0.068, CPV favored at 1.8c
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D

Nl Belle time-integrated D" — K K*

Same underlying direct CPV as D'— K*K":  (can check for new physics)

' ' (D)
D (DY) KO(K™)
_ ] - ® KK
d(u) « d(u) d(u) < d(u)
(a) (b)
C u
K+ C = = S B
5 I
l)+ DO
5 = 0 Uu
i it Kt

g
A
A
|

(c) ()
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>1ab™!
On resonance:
Y(5S): 121 b !
Y(4S): 711 b
Y(3S): 3fb!
Y(2S): 25 b’
Y(1S): 6 b !
Off reson./scan:

~100 !

~ 550 fb™*!
On resonance:
Y (4S): 433 b
Y (3S): 30 fb*
Y (2S): 14 fb!
Off resonance:
~ 54 fb!
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